The effect of chirality on the thermodynamic behavior, the morphological features, and the 2D lattice structures of 3-monostearoyl-sn-glycerol monolayers is studied. The present study focusses on the influence of the alkyl chain length on the chiral discrimination. Surface pressure-area (p-A) isotherms, Brewster angle microscopy (BAM), and particularly, grazing incidence X-ray diffraction (GIXD) are the experimental basis of the presented results. The p-A isotherms of the enantiomeric 3-monostearoyl-snglycerol monolayers measured between 25 and 38 1C resemble those of the racemic 1-monostearoylrac-glycerol monolayers, thus indicating small energetic differences between the enantiomeric and the racemic forms. The absolute DS values increase as the temperature decreases and thus, the ordering of the condensed phase increases at lower temperatures. The extrapolation to zero DS provides a critical temperature T c of 42.1 1C (315.3 K), above which the monolayer cannot be compressed into the condensed state. Despite the great tendency of the 3-monostearoyl-sn-glycerol domains to develop irregular deviations in shape and inner texture, regular domains similar to those of the racemic monoacylglycerol esters are also formed. GIXD measurements performed over a large range of lateral pressures at four different temperatures (5, 10, 15 and 20 1C) indicate the dominance of the chiral nature. Contour plots with three clearly separated diffraction signals are observable in a large pressure range which is shifted to higher lateral pressures with increasing temperature. The comparison with the contour plots of the homologous 3-monopalmitoyl-sn-glycerol monolayers reveals the stronger dominance of the chiral nature with increasing alkyl chain length and thus, demonstrates the stronger influence of the lattice symmetry. The lattice data obtained by fitting the contour plots with 3 or 2 peaks demonstrate the resemblance to orthorhombic structures with NN tilted molecules at low pressures and NNN tilted molecules at high pressures. The temperature and alkyl chain length dependence of the distortion at zero tilt angle, d 0 , of the enantiomeric and racemic monoacylglycerols shows an increased influence of chirality on the lattice distortion for the shorter-chain compound (equivalent to increased temperature). This demonstrates that lattice distortion and lattice symmetry are differently influenced by chirality.
Introduction
Chiral objects are abundant in nature and are operative in many biological systems at both microscopic as well as macroscopic levels. Therefore, chirality-based model systems are of permanent interest. Design and characterization of molecules which can form attractive and sophisticated hierarchical chiral nanoarchitectures have been the focus of the current attention in order to mimic natural chiral nanostructures. [1] [2] [3] Defined amphiphilic monolayers at the air/water interface have been used as promising model approaches for a better understanding of specific phenomena of inherently complex biological and technological processes. [4] [5] [6] [7] Monoacylglycerols have been frequently used for model studies of the enantiomeric and racemic monolayers of monoglycerol ethers, [8] [9] [10] esters, [11] [12] [13] [14] [15] amines, 16, 17 and amides 18 using BAM, fluorescence microscopy and GIXD.
Monoacylglycerol esters are ubiquitous in a large diversity of biological and applied systems. [19] [20] [21] They are composed of a glycerol backbone linked by an ester group to an alkyl chain. The alkyl chain located at the end of the glycerol backbone gives rise to an optically active carbon atom in the C-2 position. Palmitoyl and stearoylglycerol esters have been the most examined saturated monoacylglycerol ester monolayers for understanding their role in inherently complex biological processes and solid lipid nanoparticles for drug delivery systems. [22] [23] [24] In recent papers, 25, 26 systematic studies of the racemic
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Max-Planck Institute of Colloids and Interfaces, D-14424 Potsdam/Golm, Germany. E-mail: dieter.vollhardt@mpikg.mpg.de monolayers in the accessible temperature and pressure regions resulted in the construction of the generic p-T phase diagram of racemic monoacylglycerol monolayers on the basis of the individual phase diagrams of the racemic 1-monopalmitoyl-racglycerol and 1-monostearoyl-rac-glycerol monolayers. It is interesting to refer to the first evidence for symmetry breaking in a monolayer of a racemic surfactant. An oblique intermediate phase occurs surprisingly between the orthorhombic lattices with the NN and NNN tilt directions in the low-temperature range of 1-monostearoyl-rac-glycerol monolayers.
In particular, 1-monopalmitoyl-rac-glycerol monolayers display regular mesoscopic domains with perfect topography that allowed the geometric analysis of the inner segment structure. These domains are subdivided into seven segments of different uniform brightness that meet in a center, at which the alkyl chain tilt azimuth jumps by a defined angle of B51 deg. The alkyl chains have different azimuthal orientation in each segment. Based on the geometric analysis of this domain texture, it was concluded that the alkyl chains are tilted along the bisector of each segment and that the segment boundaries are along the nextnearest neighbor directions. 12, 13 A similar mesoscopic domain topography was found in other homologous 1-monoacyl-glycerol monolayers. These general insights into the monolayer characteristics of the racemic monoacylglycerols represent a good prerequisite to compare the racemic and enantiomeric main characteristics of monoacylglycerols for conducting a general survey of the effect of chirality-dependent interactions in the chiral monoacylglycerol monolayers. The objective of the present work is to characterize the influence of chirality on the thermodynamic behavior, morphological features, and 2D lattice structures of 3-monostearoyl-sn-glycerol monolayers.
Experimental
For the monolayer experiments, 3-monostearoyl-sn-glycerol (Sigma, purity Z99 mol%) dissolved in heptane/ethanol (9 : 1) (Merck p.a. grade) was spread on ultrapure water with a specific resistance of 18.2 MO cm, obtained from a Millipore desktop system.
The equilibrium surface pressure-molecular area (p-A) isotherms, recorded at a compression rate of r10 Å 2 (molecule min) À1 , were measured using an experimental setup consisting of a selfmade, computer-interfaced film balance 27 using the Wilhelmy method with a roughened glass plate to measure the surface tension with an accuracy of AE0.1 mN m À1 and the molecular area with AE0.5 Å 2 . BAM measurements were carried out using the Nanofilm-UltraBAM, Accurion GmbH, Göttingen. Detailed information about the BAM method is given elsewhere (see, e.g., ref. 27-29 and references therein).
The grazing incidence X-ray diffraction (GIXD) measurements were performed at the BW1 beamline, HASYLAB (Hamburg, Germany). In the experimental setup, a Langmuir film balance equipped with a movable barrier and a Wilhelmy plate for monitoring the lateral pressure was placed in a helium-flushed container with Kapton windows transparent for X-rays. A monochromatic X-ray beam (l = 1.304 Å) is adjusted to strike the water surface at a grazing incidence angle slightly below the critical angle for total reflection to produce an evanescent wave, which propagates with high sensitivity along the surface and has a penetration depth of 8 nm. It illuminates an approximately 2 Â 50 mm 2 monolayer surface and can be diffracted by lateral structures in the monolayer. The trough is slowly laterally moved during the experiment, to avoid sample damage by the strong X-ray beam. A linear position-sensitive detector (PSD, OEM-100-M, Braun, Garching, Germany) measured the diffracted signal and was rotated to scan the in-plane Q xy component values of the scattering vector. The vertical channels of the PSD measured the out-of-plane Q z component of the scattering vector between 0 and 0.85 Å
À1
. The analysis of the obtained diffraction patterns provides information about the lattice structure of the monolayer. The Bragg peaks, obtained by integration of the scattering intensity (corrected for polarization, effective area, and Lorentz factor) over a certain Q z window, and the Bragg rods, obtained by the integration of the scattering intensity over a certain Q xy window, provide information about the unit cell dimensions (lattice parameters a, b, c, in-plane area A xy , cross-sectional area A 0 , tilt angle t). The in-plane lattice repeat distances, d, of the ordered structures in the monolayer were calculated from the Bragg peak positions: d = 2p/Q xy . The in-plane coherence length, L xy , was approximated from the full-width at half-maximum (fwhm) of the Bragg peaks using L xy B 0.9(2p)/fwhm(Q xy ). The thickness of the scattering unit can be estimated from the fwhm of the Bragg rod using 0.9(2p)/fwhm(Q z ). More details are presented in the literature.
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Results and discussion
The experimental p-A isotherms of the 3-monostearoyl-sn-glycerol monolayers spread on pure water and measured at different temperatures in the range between 25 and 38 1C are presented in Fig. 1 .
Generally, the features of the p-A isotherms of 1-monostearoylrac-glycerol resemble those of usual monolayers of amphiphiles. ; from left to right).
According to the rather long alkyl chain (C 18 ) the main phase transition is shifted to the high-temperature range (430 1C). At T o 30 1C, the shape of the isotherm, which does not show an inflection point, indicates that the condensed phase already exists at nearly zero pressure in coexistence with a fluid phase (gaseous, G) directly after spreading. At T 4 30 1C, the isotherms show a clear inflection at the first-order phase transition point (A e ) from the fluid (liquid-expanded, LE) phase to the condensed phase. The extension of the following phase transition region (A o A e ) decreases in the usual way as the temperature increases. In this region, the slope of the isotherm is very small and approximated nearly to be horizontal at lower temperatures (curves 2 and 3). The characteristics of the p-A isotherms of the chiral 3-monostearoyl-sn-glycerol are similar to those of the racemic 1-monostearoyl-rac-glycerol monolayers. 25 The temperature dependence of the phase transition pressure (p t ) provides information about the thermodynamic characteristics for the transition between the fluid and condensed phases. Fig. 2 shows the p t -T relationship of 3-monostearoyl-sn-glycerol monolayers on water. The slope dp t /dT of the linear fit to the experimental data amounts to 0.39592 mN (m K)
À1
. At temperatures of 35 and 38 1C, the transition pressure of the racemate is 0.2 and 0.6 mN m À1 , respectively, slightly larger compared to that of the corresponding pure enantiomer, whereas at 30 1C p is the surface pressure; a, b, c, and a, b, g are the lattice parameters of the unit cell; t is the polar tilt angle; A xy is the molecular area; A 0 is the crosssection area of the alkyl chain; lattice distortion. 
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it reaches already 0 mN m À1 , which means, 0.7 mN m À1 smaller than that of the corresponding enantiomer. Evaluating the temperature dependence of the phase transition pressure (p t ) gives access to important thermodynamic parameters such as the transition entropy. The entropy change DS of the phase transition was calculated using the twodimensional Clapeyron equation
where A e is the molecular area at the onset of the phase transition at p t , and A c is the area of the corresponding condensed phase at the same lateral pressure. The temperature dependence of the entropy change, DS, is presented in Fig. 3 . According to the exothermic nature of the main phase transition at compression of amphiphilic monolayers, negative DS values are obtained. The absolute DS values increase as the temperature decreases, indicating the increase of the condensed phase ordering at lower temperatures. The linear fit and extrapolation to zero DS provide the critical temperature T c of 63.9 1C (337.1 K), above which the monolayer cannot be compressed into the condensed state. It is interesting to note that shorter chain homologues provide essentially lower T c values having smaller differences between the enantiomeric (42.1 1C (315.3 K)) and racemic (49.2 1C (322.4 K)) forms.
The extended two-phase coexistence region (A o A e ) provides reasonable conditions for studying the domain morphology using Brewster angle microscopy at 35 1C. Typical examples are shown in Fig. 4 . The mostly regular domains are subdivided into 7 optimal segments similar to the racemic monoacylglycerol esters. The different reflectivity of the segments indicates a jump-like change in the azimuthal tilt at the segment boundaries. However, in all these domains, the shape deviates already from circular, and also the inner textures show certain irregularities, such as different sizes of the segments and some shift of the contact point from the center. Despite the examples presented, the tendency to develop irregular deviations in shape and inner texture of the condensed phase domains is rather high. At further compression, the irregular structures coalesce to larger entities having several segment centers with different and often mutual segments. The reason (maybe anisotropic line tension) for the observed different positions of the segment center is not understood. Possibly, this behavior is determined by a directional effect of the growth rate of the domains.
In the present study, we focused mainly on the GIXD experiments which provide insight into the characteristic features of the lattice structure of condensed monolayer phases in the Angstrom scale. GIXD measurements of 3-monostearoyl-sn-glycerol monolayers were performed over a large range of lateral pressures at four different temperatures (5, 10, 15 and 20 1C) to obtain reliable twodimensional lattice structures in the accessible temperature and surface pressure ranges. At all pressures, the diffracted intensity is plotted as contour lines of equal intensity versus the in-plane component Q xy and the out-of-plane component Q z of the scattering vector. According to the chiral nature of 3-monostearoyl-snglycerol, three diffraction signals indicating generally an oblique lattice structure are expected to be seen at all pressures. p is the surface pressure; a, b, c, and a, b, g are the lattice parameters of the unit cell; t is the polar tilt angle; A xy is the molecular area; A 0 is the crosssection area of the alkyl chain; lattice distortion. Table 4 . Similar to the homologous 3-monopalmitoyl-sn-glycerol monolayers, 34 the contour plots show a shift of the three clearly separated diffraction signals, which indicate the dominance of the chiral nature, to higher lateral pressures with an increase in temperature from 5 to 20 1C. It is interesting to note that the comparison with the contour plots of the 3-monopalmitoyl-snglycerol monolayers indicates the stronger influence of the chiral nature in the homologous 3-monostearoyl-sn-glycerol monolayers, i.e. with the increase of the alkyl chain length from C16 to C18. This dominance of the lattice symmetry is seen in the contour plots of Fig. 5-8 having a larger pressure range with three separated diffraction peaks. In particular, all contour plots at pressures smaller or higher than those showing three clearly separated diffraction signals resemble the contour plots of the corresponding racemic 1-monostearoyl-rac-glycerol monolayers. 25 This is demonstrated by one example comparing the results by fitting the contour plots which resemble those of NN tilted or NNN tilted orthorhombic structures with 3 or 2 peaks. Fig. 9 shows the results obtained at 10 1C at 2 mN m À1 . As can be seen, the contour plot resembles that of the NN tilted orthorhombic structures. The diffracted intensity plotted as a function of the in-plane scattering vector component Q xy (Bragg peak) and as a function of the out-of-plane scattering vector component Q z (Bragg rod) of the contour plot (top) can be perfectly fitted using both 3 (middle) and 2 (bottom) peaks with ; from left to right).
the consequence that the effect of chirality is small in these structures, as also demonstrated by the similarity of the lattice parameters presented in Table 5 .
In the other example obtained at 10 1C at a high surface pressure of 50 mN m À1 (Fig. 10) , the contour plot can be perfectly described again by 2 as well as by 3 peaks. That means, the effect of chirality on the contour plots, which resemble that of the NNN tilted orthorhombic structures, is small (see Table 5 ). slightly increased rotation of the alkyl chains. As typical for many amphiphilic monolayers and also found in other racemic and enantiomeric monoacylglycerol monolayers, the tilt angle with respect to the surface normal, t, decreases with increasing pressure. p is the surface pressure; a, b, c, and a, b, g are the lattice parameters of the unit cell; t is the polar tilt angle; A xy is the molecular area; A 0 is the crosssection area of the alkyl chain; lattice distortion.
The transition pressure p t into a non-tilted phase can be calculated if the condensed isotherms exhibit linear relations between pressure and molecular area and the cross-sectional area, A 0 , is approximately constant at all measured temperatures. Plotting 1/cos(t) vs. the lateral pressure and extrapolating toward 1/(cos t) = 1 allows the determination of the tilting transition pressure, p m (Fig. 11, left) . 35 The pressure needed to reach the non-tilted state decreases with increasing temperature. Nevertheless, the comparison with the values obtained for the corresponding racemic 1-monostearoyl-rac-glycerol is of interest (see Table 6A ). The values of the chiral 3-monostearoyl-snglycerol are slightly smaller than those of the corresponding racemic compound. Table 6A shows also the value calculated for the homologues enantiomeric 3-monopalmitoyl-sn-glycerol and racemic 1-monopalmitoyl-rac-glycerol. Generally, these p m values are considerably lower than those of the longer chain homologues, but they also cannot be experimentally reached. However, a tendency is seen that the p m values increase with increasing temperature.
The lattice distortion d versus sin 2 (t) plot is shown in Fig. 11 , right, at the four investigated temperatures. The Landau theory predicts that the tilt contribution to the distortion is proportional to sin 2 (t). 36 Therefore, plotting the lattice distortion measured along an isotherm as a function of sin 2 (t) and extrapolating to zero tilt allows the separation of the tilt contribution from other contributions to the distortion, such as herringbone packing or chirality. At all temperatures measured, the d 0 values are smaller than 0 (Table 6B ). The absolute d 0 values decrease with increasing temperature. Table 6B shows that an analogous decrease of the absolute d 0 values with increasing temperature was also found for the homologous racemic 1-monostearoylrac-glycerol and the corresponding 3-monopalmitoyl-sn-glycerol and 1-monopalmitoyl-rac-glycerol. 34 The smaller absolute racemic monoacylglycerol monolayers, decreasing alkyl chain length is equivalent to increasing temperature. 26 The actual temperature in the 1-monopalmitoyl-rac-glycerol experiments has to be shifted up by 16 K to be directly compared with the 1-monostearoyl-rac-glycerol experiments. Plotting the d 0 values in this way (Fig. 12) shows a perfect agreement between the racemic C18 and C16 monolayers, and the linear fit yields 298.7 K (25.5 1C) as the limiting temperature for observing zero d 0 values in the 1-monostearoyl-rac-glycerol experiments. In light of generic behavior this temperature can be translated into 282.7 K (9.5 1C) for 1-monopalmitoyl-racglycerol. Indeed, at 283.2 K (10 1C) the determined d 0 value of 1-monopalmitoyl-rac-glycerol amounts to zero (see Table 6B ). The cross-sectional area of 1-monopalmitoyl-rac-glycerol amounts to 19.7 Å 2 at 5 1C (equivalent to 294.2 K for 1-monostearoyl-racglycerol experiments). A further increase of temperature does not increase the cross-sectional area substantially (see ref. 26 and 34) . Such values indicate that the packing is not as tight as p is the surface pressure; a, b, c, and a b, g are the lattice parameters of the unit cell; t is the polar tilt angle; A xy is the molecular area; A 0 is the crosssection area of the alkyl chain; lattice distortion (from left to right).
the generic plot in Fig. 12 to the real temperatures in C16-glycerol experiments yields 9.5 1C for the racemate and 22.4 1C for the corresponding enantiomer. This shows that the lattice distortion of 3-monopalmitoyl-sn-glycerol is much more strongly influenced by the chirality. However, the clear appearance of three diffraction peaks characterizing the oblique lattice structure due to chirality is more pronounced in the homologous 3-monostearoyl-sn-glycerol monolayers with the longer alkyl chain. It is interesting to note that even for the racemate an intermediate oblique structure has been observed at low temperatures. 
Conclusions
Monoacylglycerol esters are suitable candidates for systematic studies of chiral discrimination effects between enantiomeric and racemic structures. In recent papers, studies of the phase and lattice features of the racemic 1-palmitoyl-rac-glycerol and enantiomeric 3-palmitoyl-sn-glycerol monolayers were performed using p-A isotherms, BAM, and GIXD. The lattice and phase characteristics of 1-stearoyl-rac-glycerol were thoroughly investigated to understand in more detail the influence of the alkyl chain length on the monolayer characteristics of the monoacylglycerol esters. Therefore, the present study focusses on the characterization of the corresponding chiral 3-stearoyl-sn-glycerol to obtain information about the influence of the alkyl chain length on the chiral discrimination. The results are based on the measurements of the p-A isotherms, BAM, and particularly, GIXD. The p-A isotherms of the enantiomeric 3-monostearoyl-sn-glycerol monolayers measured between 25 and 38 1C are similar to those of the racemic 1-monostearoyl-racglycerol monolayers suggesting small energetic differences between the enantiomeric and the racemic forms. The temperature dependence of the phase transition pressure (p t ) shows that the absolute DS values increase as the temperature decreases and thus, the ordering of the condensed phase increases at lower temperatures. Extrapolation to zero DS provides the critical temperature T c of 42.1 1C (315.3 K), above which the monolayer cannot be compressed into the condensed state.
Similar to the racemic monoacylglycerol esters, the regular 3-monostearoyl-sn-glycerol domains are subdivided into 7 segments. However, their shape deviates already from circular, and also the inner textures show certain irregularities. In the case of 3-monostearoyl-sn-glycerol, the tendency to develop irregular deviations in the shape and inner texture of the condensed phase is high.
For obtaining reliable two-dimensional lattice structures in the accessible temperature and surface pressure ranges, GIXD measurements were performed over a large range of lateral pressures at four different temperatures (5, 10, 15 and 20 1C) . The contour plots with three clearly separated diffraction signals, shifted to higher lateral pressures with increasing temperature, indicate the dominance of the chiral nature. The comparison with the contour plots of the 3-monopalmitoyl-sn-glycerol monolayers shows a larger pressure range with three separated diffraction peaks at all temperatures and indicates the stronger dominance of the chiral nature on the lattice symmetry in the homologous 3-monostearoyl-sn-glycerol monolayers (increasing alkyl chain length has a strong effect). The similarity of the lattice data obtained by fitting the contour plots with 3 or 2 peaks demonstrates the resemblance to orthorhombic structures with NN tilted molecules at low pressures and NNN tilted molecules at high pressures.
The values of the tilting transition pressure, p t , to the non-tilted state are rather high and have not been reached Table 5 (A) Comparison between fitting 3 or 2 peaks to the experimental data. Bragg peak (Q xy ) and Bragg rod (Q z ) positions and the corresponding fullwidths at half-maximum of 3-stearoyl-sn-glycerol monolayers at 2 and 50 mN m À1 at 10 1C on the basis of oblique and orthorhombic lattices. (B)
Comparison of the lattice parameters of 3-stearoyl-sn-glycerol monolayers at 2 and 50 mN m À1 at 10 1C obtained on the basis of oblique and orthorhombic lattices p is the surface pressure; a, b, c, and a, b, g are the lattice parameters of the unit cell; t is the polar tilt angle; A xy is the molecular area; A 0 is the crosssection area of the alkyl chain; lattice distortion.
experimentally, but they are slightly smaller than those of the corresponding racemic mixture. Although the p t values of the shorter-chain C16 homolog are considerably lower, they also cannot be experimentally reached. The comparison of the distortion at zero-tilt angle, d 0 , of enantiomeric and racemic monoacylglycerols at different temperatures shows a decrease of the absolute values with increasing temperature. The d 0 values of the racemate and the enantiomer are very similar demonstrating that the lattice distortion is mainly determined by the packing properties and not by the chirality. The influence of chirality on the lattice distortion is better seen at higher temperatures by using the corresponding shorter-chain C16-homologue. The packing is now characterized by a free rotation of the chains (no contribution to the lattice distortion) so that the small influence of chirality can be seen. The difference in the limiting temperature for observing zero d 0 values between the C18 and C16 compounds demonstrates a stronger influence of chirality on the lattice distortion for the shorter-chain compound. 
